Fluctuations in pupil size and lens accommodation are measured concurrently under open loop conditions, constant illumination and far fixation. In 12/17 trials no correlation was measured between the fluctuations in pupil size and lens accommodation. For the remaining 5/17 trials no lag was observed between the changes in pupil size and lens accommodation indicating that this correlation does not arise as a consequence of a near response. These observations suggest that under conditions of constant illumination and far fixation, the supranuclear centers controlling the near response are not active.
Introduction
Spontaneous fluctuations in pupillary size (Stark, Campbell & Atwood, 1958; Loewenfeld, 1993) and lens accommodation (Campbell, Robson & Westheimer, 1959; Stark & Takahashi, 1965; Stark, Tahara & Iwanaga, 1965; Charman & Heron, 1988) occur under conditions of constant illumination and fixation. The statistical analysis of pupil size fluctuations has been used to determine the nature of neural noise (Stark et al., 1958; Stanten & Stark, 1966) , to assess the stability of the reflex arc (Longtin, Milton, Bos & Mackey 1990; Longtin, 1991) , and to evaluate the filtering properties of the iris musculature of the neural inputs (Usui & Stark, 1978 , 1982 . Since pupil size can be monitored non-invasively, measurements of pupil size fluctuations are ideally suited for the long term monitoring of the level of alertness (Lowenstein, Feinberg & Loewenfeld, 1963; Bouma & Baghuis, 1971 ; Kö rner, Wilhelm, Lü dtke & Wilhelm 1998a; Wilhelm, Wilhelm, Lü dtke, Streicher & Adler, 1998) . Specifically, measurements of pupil fluctuations have been recently emphasized as an economical method for diagnosing sleep disorders and for assessing the efficacy therapeutic interventions (Berlucchi, Moruzzi, Salvi & Strata, 1964; Yoss, Moyer & Hollenhurst 1970; O'Neill, Oroujeh, Keegan & Merritt 1996; O'Neill, Oroujeh & Merritt 1998; Wilhelm, Lü dtke & Wilhelm, 1998b; Wilhelm, Wilhelm, Widmaier, Lü dtke & Rü hle, 1998 ).
An important unresolved issue is whether pupil size fluctuations occur independently of those in lens accommodation. The presence of strong correlations between changes in pupil size and lens accommodation would seriously limit the utility of measurements of pupil size fluctuations. It is well known that under certain conditions, the changes in pupil size and lens accommodation are strongly correlated. For example, when an adult voluntarily changes fixation from a far target to a very near one, the pupil becomes smaller ('near response') (Miller, 1985) . However, it is not known whether similar correlations exist between the spontaneous fluctuations measured under conditions of constant 'open loop' illumination and distant fixation.
Here we demonstrate that the spontaneous fluctuations in pupil size and lens accommodation are not related in the same way as they are during a pupillary near response. Our claim is based on two observations: (1) pupil size and lens accommodation are rarely corre-lated under open loop conditions, and (2) in the cases where they are correlated, the relative time course of the two signals is different between open loop and near response conditions. Thus under open loop conditions, the supranuclear center controlling the near response does not seem to be active.
Materials and methods

Procedure
Background illumination was 0.001 -0.5 candela/m 2 . All experiments were performed in a quiet room in which the subjects had adapted to the lighting conditions for at least 5-10 min. Prior to measurements, each eye received two drops of local anesthetic to minimize blinking (0.5% proxymetacrine plus artificial tears: no effect on pupil size or lens accommodation). Myopic subjects were excluded since it is known that the magnitude of the changes in pupil size during the near response is significantly reduced (Schaeffel, Wilhelm & Zrenner, 1993) . The subject was instructed to fixate on red LEDs located 1.2 m away. Under these conditions, subjects were typically able to comfortably refrain from blinking for 1 -2 min. Since the gain of the pupil light reflex is small (Stark et al., 1958) , it follows that under these conditions the fluctuations in pupil size closely approximate those measured under 'open loop' conditions. The power spectrum for the fluctuations in lens accommodation did not exhibit a prominent peak at 2 Hz indicating that the accommodative control loop has also been opened by our experimental conditions (Stark & Takahashi, 1965; .
Pupil size measurements
Pupil diameter and lens accommodation were measured using an apparatus (PDLR) described previously (Schaeffel et al., 1993) . Briefly, a CCD-type infrared sensitive video camera (Canon CI 20 PR; 1.4/85 mm Zeiss Planar lens) is connected to a video frame grabber (Oculus 300 Coreco real time video board on a 386/40 computer). The infrared illumination consists of an array of 19 infrared LEDs arranged in four rows and positioned in front of the lower half of the camera lens. The camera-subject distance and the far accommodation point were 1.2 m. Data for pupil diameter and lens accommodation were collected at 25 Hz.
Pupil diameter was determined as follows: The video frames were displayed on a video monitor and the position of the first Purkinje reflex was determined and is assumed to be the center of the pupil, with coordinates (0, 0). The (x, y)-coordinates of three points on the edge of the pupil were determined by an edge detection algorithm: two horizontal edges of the pupil, leftmost (x l , 0) and rightmost (x r , 0), and the edge detected vertically downwards (0, y). Since three noncolinear points uniquely determine a circle, the diameter, d, can be computed as
The advantage of the three point approach over area measurements is that pupil diameter can be determined even when the pupil is partially obscured by a droopy eyelid.
Lens accommodation measurements
Lens accommodation is measured concurrently with pupil size and is determined from the slope of the brightness profile crossing the Purkinje reflex in a vertical direction. The slope of the vertical brightness profile correlates linearly with the refraction of the measured eye within a range of about + 3 to − 6 D (Schaeffel et al., 1993) . To estimate the resolution of the apparatus for accommodation measurements, a series of artificial lenses with different refraction were placed in front of the eye. Changes as small as 0.12 D were correctly detected. The resolution of our apparatus could not be precisely determined using this approach because lenses with smaller increments in refraction are not readily available. Thus this measurement places an upper bound on the resolution of the apparatus. Although the Purkinje reflex is not always centered on the pupil, the eccentricities which can arise are not large enough to affect the accuracy of measurements of refraction or the accuracy of Eq. (1) for measuring pupil diameter.
Quantization effects
The technique used to measure pupil diameter is different from that used to measure lens accommodation. It is important to make sure that correlation we measure between these two signals (or lack thereof) does not simply reflect the effects of technical problems associated with each measurement. With respect to the determination of the cross-correlation the most important difference between these two measurements is the quantization error. Since the fluctuations in pupil size are small enough to approach the limits of resolution of the pupillometer, the finite size of a pixel on the CCD of the video camera can significantly distort the signal, resulting in a loss of signal detail. On the other hand, since lens accommodation is measured by taking the slope of the brightness profile across the Purkinje reflex, it is relatively immune to single pixel fluctuations and hence the quantization error is negligible. This difference in quantization levels could, in principle, influence the determination of the correlation measured between the two signals.
A well known technique to minimize the signal distortions due to quantization errors is dithering (Bennet, 1948; Goodall, 1951; Gammaitoni, 1995) . Dithering techniques can be used provided that noise having a higher frequency content than the original signal is added prior to digitization. Examination of the signal proportional to pupil diameter showed that there were fluctuations between the different discrete levels which occurred more rapidly (25 Hz) compared to the frequency content of the physiologically relevant changes in pupil size, i.e. predominantly B0.3 -0.5 Hz. These rapid fluctuations between the quantized levels reflect the effects of noise intrinsic to our apparatus which is added prior to digitization. In order to determine if the intrinsic noise of the pupillometer was suitable for dithering, we proceeded as follows. Pupil diameter was measured as a function of time (Fig. 1A) using a video-pupillometer (PDHR) with a higher resolution than machine PDLR. Then we numerically added noise of varying intensities to this signal, quantized it to simulate the lower resolution pupillometer, and passed this time series through an averaging filter (low pass 8th-order Chebyshev, Type 1). In this way we determined that the parameters suitable for dithering are a noise intensity 0.1 -0.7 times the length of the quantization interval, and an averaging filter with a cutoff frequency of 0.8-2.2 Hz. The noise intensity for machine PDLR was estimated to be 0.5 times the quantization interval and thus is in the range where dithering techniques aid signal recovery. Fig. 1B shows the effects of quantization on the pupil diameter measurements when the noise intensity is that measured for machine PDLR. Fig. 1C shows the pupil diameter measurements recovered from the quantized signal. Clearly the dithered time series for pupil diameter is very similar to that measured prior to the quantization procedure (compare Fig. 1A-C) . In all of our studies we elected to use a cutoff frequency for the averaging filter of 0.8 Hz since this choice is at the low end of the range of optimal cutoff frequencies (in terms of minimizing the error in the recovered signal; Fig.  1D ) and we were concerned that higher frequency machine noise could introduce spurious correlations. The lens accommodation signal was low-pass filtered with the same cutoff frequency.
High resolution pupil pupillometer (PDHR)
Pupillometer PDHR was constructed by combining the optical system of a b-prototype pupillometer donated by Pulse Medical Instruments (Tom Cornsweet, designer), a high resolution infrared CCD-type video camera (Pulnix 840; 800×490 pixels) and a pupil area analyzer (System 1200 Eye Monitor, Micromeasurements, Michael Sherman, designer). The resolution of this apparatus was increased by placing a magnifying lens in front of the video camera so that the pupil image occupied 80-85% of the vertical extent of the CCD array ( 3.5-4-fold magnification). The pupil area analyzer output a digital signal proportional to pupil area to a computer (486/66 equipped with an I/O board, Quatech PXB-721) and the diameter was calculated from the measured area assuming that the pupil was circular. This machine is not able to measure lens accommodation.
Data analyses
Blink artifacts were removed from the time series by removing local outliers. At each data point, a four second window of data around that point was used to compute a best fit line through the data, and a standard deviation of the detrended data was computed to measure the normal spread about that; line; the data point itself was excluded from this calculation. If the data point fell outside 2.58 standard deviations from the line (99% confidence interval), the point was replaced by the value of the best-fit line at that point.
Since we were concerned that machine noise could induce spurious correlations, we computed the signal intensity outside the physiological range (\ 2 Hz) and Fig. 1 . Adding noise to a signal before quantization (dithering) dramatically improves the reconstruction of the signal, provided the data are over-sampled. Panel (A) shows pupil diameter measured with a pupillometer with high resolution and low noise (assumed to be the true signal; see Section 2). (B) This signal was then quantized with added Gaussian distributed noise before quantization into six bins to simulate a noisy pupillometer with poorer resolution. (C) The signal was recovered via low pass filtering. (D) The root mean square error of the true signal minus the recovered signal as a function of the cutoff frequency of the filter. The values of the noise intensity was |= 0.5 times the quantization interval size and the cutoff frequency was 0.8 Hz for the recovered signal in panel (C). Although this noise level is supra-optimal for dithering, it is based upon our estimates of the noise level of the machine and is within the range where dithering techniques are effective (Gammaitoni, 1995) . shown by (C) the positive slope in a plot of pupil diameter as a function of lens accommodation. For this subject the changes in pupil diameter lag behind those in lens accommodation by 250 ms. However, this reflects only the average behavior and does not imply that pupil accommodation changes always precede size changes; see Section 3 for further discussion and Fig. 3A,B. used an outlier test to reject trials in which the noise intensity was significantly higher than the mean. One trial was rejected by this criterion.
Digital filtering and cross-correlation were performed using programs supplied by MATLAB (The MathWorks). For the calculation of cross-correlation, the data were detrended with an autoregressive model (Jenkins & Watts, 1968; Chatfield, 1992) where the appropriate order was determined using Akaike's Information Criterion (AIC); the average model order was 11.4 for pupil size and 11.3 for pupil accommodation. Autoregressive detrending was used to remove autocorrelation since the traditional significance test for crosscorrelation given below requires that the data be pre-whitened (Jenkins & Watts, 1968; Chatfield, 1992) . The data were resampled at the Nyquist frequency, as required for the use of the significance test below (Jenkins & Watts, 1968) . The significance level for the cross correlation was computed using the standard value for detrended 'white-noise' data as z/(N −3) where z is the z-score and N is the length of the time-series (Bendat & Piersol, 1986) . We choose z to give a family-wise h=0.05. To calculate the lag between pupil size and lens accommodation, we determined the maximum of the raw cross correlation of the two signals before autoregression and resampling. Fig. 2 shows pupil diameter and lens accommodation as a function of time when a subject voluntarily changes their focus from a near to a far object.
Results
Near response
During the near response the changes in pupil size are positively correlated with those of lens accommodation ( Fig. 2C) : as the pupil becomes smaller, the lens accommodates (the diopter (D) becomes more negative). The lag in the cross-correlation was approximately 250 ms: accommodation leading pupil size (Fig.  3A) . On examining Figs. 2 and 3B more carefully, it can be seen that the relationship is actually more complex than suggested by this measurement. For the near response (i.e. when the fixation point changes from − 2 to − 5 D), the changes in lens accommodation occur both earlier and faster than those in pupil size. On the other hand for the far response (i.e. when the fixation point changes from −5 to − 2 D), although the earliest changes begin in pupil size, the changes in lens accommodation occur much faster and thus reach the maximum sooner. The time course for the near and far response are similar to those reported previously (O'Neill & Stark, 1968) . In view of these observations, the characteristics of a near response are a positively correlated change in pupil diameter and lens accommo- dation in which there is a non-zero lag (\ 40 ms, the step size used here) between the changes in lens accommodation and those in pupil diameter.
Open loop fluctuations
The correlation between the spontaneous fluctuations in pupil diameter and lens accommodation measured under open loop conditions are summarized in Table 1 and Fig. 4 . For 12/17 trials no significant correlation was observed between the fluctuations in pupil size and lens accommodation (Figs. 4 and 5) .
In 5/17 trials a significant positive correlation was measured between the fluctuations in pupil diameter and lens accommodation (Figs. 4 and 6) . A total of 4/5 of these trials corresponded to measurements made under conditions of very low background illumination (0.001 candela/m 2 ). In all of these trials, no time lag was measured between the changes in lens accommodation and those in pupil diameter, suggesting that the significant correlation was not due to a near response; compare Fig. 3A ,C. The significant correlation could be removed from these time series by lowering the cut-off frequency of the averaging filter to 0.2 Hz (for 4/5 trials a cut-off frequency of 0.4 Hz was sufficient). Since the major frequency components of the fluctuations in pupil size are known to be 5 0.3 Hz (Stark et al., 1958) , and the near response signals remain significantly correlated in this low frequency band (not shown), this gives further support to our interpretation that the correlations measured for these subjects are not related to the pupillary near response. While 2/17 trial showed small significant negative correlations, we did not investigate this further because we were interested in whether open-loop fluctuations showed correlations consistent with near-response fluctuations. Negative correlations can arise in myopic subjects using this measurement technique; while we endeavored to exclude such subjects, we cannot rule out that the negative correlations in these two trials resulted from mild myopia.
Discussion
There is ample clinical, experimental, and anatomical evidence demonstrating that changes in pupil size and lens accommodation are not necessarily causally related (Miller, 1985) . For example, accommodation can be selectively blocked by the use of prisms or lenses without affecting pupillary responses; pupil constriction can be blocked without cycloplegia using weak parasympathetic agents; and clinical cases with isolated impairment in pupil constriction or accommodation are not uncommon (see Miller, 1985 and references therein) . Physiological studies suggest in mammals that different regions of the . The different subjects are grouped by symbol. For each experiment, the range of the correlation coefficients from lags of 91/2 s (normalized by the significance level) are plotted as vertical bars. Thus points beyond the horizontal lines at 91 indicate significant correlation. All of the significant points occurred at zero lag, in contrast to the near response data where the peak correlation occurs with lens accommodation leading pupil size by : 250 ms (compare Fig. 3A and C) . Note that 3/5 significant experiments occurred in the same subject. Edinger-Westphal nucleus are specifically involved in pupil constriction and lens accommodation (Clarke, Coimbra & Alessio, 1985) and histological studies suggest that these pathways remain distinct even at the level of the ciliary ganglion (May & Warren, 1993) .
The above arguments strongly imply that the near response must be coordinated by a supranuclear center (Miller, 1985) . However, the activity of this supranuclear center under viewing conditions without near fixation has not been previously addressed. Our observations demonstrate that under these conditions the fluctuations in pupil size and lens accommodation are not inter-related in the same manner as they are during a near response. Indeed in most of our trials no significant correlation was observed between the fluctuations in pupil size and lens accommodation. Thus the supranuclear center does not always exert its influence on the areas which regulate pupil size and lens accommodation. This suggests that the supranuclear center is likely only activated during the near response.
The explanation for the significant cross-correlations measured on a few occasions is unclear. The lack of a lag and the fact that these correlations typically arise for frequency components \0.4 Hz strongly indicates that these correlations are not the result of a near response. The observation that, for the same subject, a significant cross-correlation can be observed on one trial but not the next (see Fig. 4 ), suggests that these correlations cannot be simply attributed to a machine or cardio-respiratory related artifact. Pupillary 'fatigue' waves occur in the frequency range 0.025-0.25 Hz (Loewenfeld, 1993) . Thus this statistically significant correlation between lens accommodation and pupil size should not affect the use of measurements of pupil size to monitor the state of alertness, especially if the data is low-pass filtered at 0.2-0.3 Hz.
An important aspect of using measurements of pupil fluctuations to access the state of the nervous system concerns whether pupillometers could be sufficiently miniaturized for practical applications. The problem is that since the fluctuations in pupil size are very small, video-pupillometers with fine resolution are required. Since the size of a pixel on a CCD array is finite, an inherent problem is quantization error. One way to minimize the effects of quantization error is to use CCD arrays with more pixels. Typically as the CCD array contains more pixels, the size of the video camera increases, thus precluding miniaturization. In our study, we used dithering techniques to minimize the effects of quantization error (see Section 2). With this technique, noise is added to the analog signal prior to digitization and the signal is sampled at a high rate. The advantage of this approach is that one can obtain high resolution measurements of pupil size even though the number of pixels in the CCD array may be quite small. Thus we anticipate that it may eventually prove possible to shows that there is an approximately linear relationship between pupil diameter and lens accommodation, which was reflected in a significant cross-correlation statistic. See Fig. 3C ,D for correlation function and a closer look at the time courses of the signals. In contrast to the crosscorrelation observed when a subject performs a voluntary near response (Fig. 2) , no lag is observed between the changes in lens accommodation and pupil diameter. Note that this reflects only average behavior and is consistent with the claim that size sometimes leads accommodation and vice-versa. Background illumination was 0.5 candela/m 2 . In the subsequent part of this data (not shown or used in the analysis), the record shows fatigue waves.
construct high resolution miniaturized video-pupillometers which are inherently noisy and which recover the fluctuations in pupil size using dithering techniques. Thus noise in measurement devices is not always a nuisance but may be a virtue in disguise.
